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2NASA Digital Astronaut Program
• The Digital Astronaut Project implements well-vetted computational 
models to predict and assess spaceflight health and performance risks 
and enhance countermeasure development.
• The Digital Astronaut project is using OpenSim to analyze the following 
exercises:
• Squat
• Single-leg Squat
• Heel Raise
• Deadlift
• The OpenSim software developed at Stanford University is a freely 
available biomechanical simulation software which can be used to:
• Develop models of musculoskeletal structures
• Create dynamic simulations of exercise movements
• Calculate estimates for muscle and joint loads
Biomechanical Modeling with OpenSim
• The Digital Astronaut Project is using a modified version of the Arnold [1] 
OpenSim model to estimate muscle and joint forces and joint moments.
• The Arnold model includes updated data describing muscle architecture 
that relates fiber length and joint angle and has complex muscle wrapping 
surfaces for a wider range of hip and knee joint angles.
• The Digital Astronaut Project is evaluating exercises that involve performing 
squats sometimes at deep hip and knee angles greater than 90o.
• Initial analyses with the Arnold model resulted in high forces at the knee as 
the test subject neared the bottom of the squat.
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OpenSim Knee Joint Modeling
• After examination of the muscle forces calculated by OpenSim and the 
knee area during motion, it was discovered that the muscles were moving 
into the femur as the model neared the bottom of the squat.
• The Arnold model includes a cylinder at the knee joint called a wrap 
surface that guides the muscles around the knee during movement.
• The muscles were not wrapping around the top of this cylinder as 
expected and would jump to the bottom of the cylinder and into the 
femur resulting in the high muscle forces.
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Knee Joint Before Modifications to the Wrap Surface and Muscle Path Points 
Knee Wrap Surface Modifications
• The “KnExt at fem” cylindrical wrap surface attached to the shaft axis body 
at the knee in the OpenSim model was modified as shown below.
• The radius of the cylinder was increased from 2.5 cm to 3.0 cm.
• The wrap cylinder was translated distally by 1.49 cm.
• The wrap cylinder was translated anteriorly by 0.97 cm.
Original                   Modified
Wrap 
Cylinder
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Knee Muscle Path Point Modifications
• The muscles include path points that divide the muscle into segments.
• Path points were added to the four muscles at the knee listed below to 
allow more movement at the bottom of the squat.
• The first point was added approximately 1 cm proximally to the patella for 
the three Vastus muscles.
• The second point was added approximately 4 cm proximally to the patella 
for all four muscles.
Additional path points added 
to the following muscles:
• Rectus Femoris
• Vastus Intermedius
• Vastus Lateralis
• Vastus Medialis
(other muscles are hidden)
Original            Modified 6
OpenSim Knee Joint Results
• The adjustments to the knee area resulted in the muscles wrapping 
around the knee correctly throughout the entire range of motion
• The muscle force at the knee was reduced from the original unmodified 
model by about 40 percent.
• The images are from an OpenSim simulation of a deep squat that results 
in a knee angle greater than 90o.
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Knee Joint After Modifications to the Wrap Surface and Muscle Path Points 
Comparing Results – Original and Modified Models
• The plots below show the deep squat knee extensor muscle force 
calculated by an OpenSim static optimization run for both the 
original and modified models.
• Muscle force is the sum of the force for the three Vastus and the 
Rectus Femoris muscles.
• Plots are from data taken in April, 2014 and are for illustration only.
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Expected Knee Forces
The following table summarizes the knee forces obtained by various authors 
as collected by Escamilla [2].  The knee forces calculated using the modified 
OpenSim knee model are within the range of the values outlined below.
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Concluding Remarks
• The OpenSim Arnold model includes improved muscle parameters and 
the addition of wrap surfaces.
• This model works well for walking, running and similar motions.
• The squat exercises that the Digital Astronaut Project is evaluating 
involve high knee and hip angles.
• Abnormalities were observed in the model at the knee including some 
muscles with unrealistically high forces, muscle forces suddenly 
dropping to zero and muscles not following their wrap surfaces.
• The cylindrical wrap surface at the knee was modified and additional 
path points were added to the four muscles attached to the patella. 
• The model was modified during the mid 2014 timeframe and has been 
used for all subsequent OpenSim analyses.
• The results obtained using the modified model are within the range of 
the expected forces reported in literature.
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